Background: Three-dimensional printing (3DP) technologies are a trendsetting topic, also in the field of surgery. Preoperative planning for maxillofacial and neurological surgery, for instance, increasingly involves skull models obtained by 3DP. However, the cranial replicas currently used in this context have been shown to not reproduce the exact anatomy of the individual patient undergoing surgery. Objective: The present study aimed at investigating the extent to which manual editing, using current computer software tools, can improve skull models derived from medical images. Methods: Skull computed tomography (CT) was obtained on three cadavers and sent to three institutions that provide preoperative 3DP services. Each institute independently performed 3D reconstructions, including routine manual editing, and subsequently produced the replicas. The models were then qualitatively compared with the respective original skull. For quantitative comparison surface scans of particular regions of interest were made and the deviations assessed using 3-matic software (Materialise, Leuven, Belgium). Results: Routine manual editing of CT images resulted in replicas that were clear improvements over automatically generated reconstructions. This was particularly the case for teeth artefacts and thin-walled entities (e.g. paranasal sinuses). Conversely, however, many anatomical structures remained incorrectly rendered (e.g. orbitae, pterygoid processes, and sella turcica). Extraosseous calcifications had regularly not been removed. After extensive manual editing, however, replicas were able to provide largely submillimeter accuracy (mean deviation 0.2496 mm; standard deviation ±0.2276 mm). Conclusions: This study confirms that manual editing with current computer science tools does improve the quality of CT-based 3D printed skull models. But, it also demonstrates that a number * Corresponding author.
Introduction
Additive manufacturing technologies (such as stereolithography and selective laser sintering) refer to processes in which virtual mathematical 3D models are used to build up real physical objects through joining materials layer by layer. They can be thought of as the opposite of subtractive methods (such as drilling and milling) and are generally considered to hold huge potential for innovations, including medical applications [1] [2] . For surgery, for instance, models of human organs obtained by using three-dimensional printing (3DP) are being increasingly used for preoperative planning [3] [4] and postgraduate education [5] [6] .
As far as maxillofacial and neurological surgeries are concerned, the quality of the skull replicas currently obtained is generally accepted by surgeons, even though recent investigations have shown that these models do not reliably render the detailed anatomy of the individual patient [7] [8], confirming reports from the 1990s [9] [10] .
In contrast to the said conventional opinion amongst clinicians, this paper presumes that, because of the strong trend towards minimally invasive and personalized surgery, it seems likely that more accurate skull models than those currently used will be needed. That is why the present study aimed to investigate the extent to which manual editing-using current computer software tools-can improve skull models derived from medical imaging, and thus integrate patient-specific data for procedural planning and educational purposes in surgery.
Materials and Methods
In accordance with the Swiss legislation that allows research on donated bodies, the craniofacial bony complexes of three cadavers donated to the Geneva anatomy department were acquired with computed tomography (CT) using routine clinical parameters (Somatom Sensation 64, Siemens, Erlangen, Germany), The DICOM data were then sent to three independent institutes with 3DP facilities. Each institute was asked to perform routine 3D reconstructions, including manual editing, and to produce a physical model of each skull for preoperative planning purposes. Detailed visual comparisons of the replicas were then carried out against the original skulls-region by region, structure by structure-according to the current international anatomical list [11] . For a quantitative analysis the surfaces of a replica and the respective original skull were scanned using an ATOS triple scan (GOM GmbH, Braunschweig, Germany). Deviations between the real and the manufactured skull were assessed using the Mimics Innovation Suite Research 3-matic software (Version 9.0; Materialise, Leuven, Belgium).
Results
The topographic and systematic comparison of the replicas against their respective original skulls confirmed that routine manual editing of the CT images, using the above algorithms, yields unambiguous improvements in the models compared to reconstructions generated purely automatically. The most striking example concerned teeth artefacts (Figure 1) .
However, even after manual editing had been performed under a routine surgical context (such as preoperative planning purposes), many flaws in the replica remained unchanged. Extraosseous calcifications had frequently not been removed. For example, Figure 2 (A) and Figure 2(B) show the region of a sella turcica in the case of advanced internal carotid artery atheromatosis, obstructing the view of the parasellar area in the replica. In Figure 2 (D) the model shows artefactual defects in the base of the medial plate of the pterygoid process.
Discussion
This study's results confirm that routine manual editing of computed tomographic skull images, using currently available computer software tools, helps to improve the quality of 3D printed models as compared to those obtained using automated procedures (Figure 1) . However, the investigation also shows that manual editing-as is routinely performed in a clinical context (particularly for preoperative planning purposes)-is far from guaranteeing a true reproduction of the specific skull anatomy of the patient.
This finding is of immediate clinical relevance: A wrongly mimicked caroticoclinoid foramen (Figure 2(B) ) could have an impact on directing transsphenoidal endoscopic approaches, for example [12] . Artefactual foramina could be mistaken either for normal variants or for pathological conditions such as a craniopharyngeal canal [13] or accessory bony openings for neurovascular bundles around the pterygoid (vidian) canal (Figure  2(D) )-this canal being a useful landmark for a skull base neurosurgeon [14] carrying out a vidian neurectomy, for instance [15] .
In order to clarify whether, or to what extent, a much more detailed manual editing than is routinely done in a surgical context could reduce flaws, certain skull regions particularly prone to errors were further edited on one of the skulls. Figure 3 illustrates the results for the sella turcica. A further marked qualitative improvement was obtained. The errors observed after routine manual editing (Figure 2(B) ) were fully eliminated, the middle clinoid processes and their asymmetry became clearly visible, and the caroticoclinoid foramen was gone. The pseudo-craniopharyngeal canal also disappeared (Figure 3(B) ).
Quantitatively, the conformity of the model was also excellent. Figure 3(C) shows the corresponding color-coded deviation graph. The median deviation was 0.1836 mm (range 0.0000 mm to 1.4368 mm); the mean deviation amounted to 0.2496 mm (standard deviation ±0.2276 mm). However, it has to be noted that the extensive manual editing necessary for the only small region of interest illustrated in Figure 3 took ten hours to carry out. This is obviously beyond the scope of any standard clinical context.
Highly accurate replicas (with largely submillimeter accuracy) are, therefore, obtainable using current computer software tools for manual editing. However, providing anatomical models of such quality is only possible with great expenditure of time and money and with provision of high professional anatomical standards.
Conclusion
This investigation confirms that manual editing using current computer software tools can improve the quality of 3D printed physical replicas based on CT images. However, it also demonstrates that a number of structures are still largely incorrectly rendered when edited following routine surgical frameworks. In view of the increasing demand for minimally invasive and personalized surgical procedures, it seems likely that surgeons will need more accurate skull models than those currently used. This study shows that highly accurate reproductions, both qualitatively and quantitatively, are indeed feasible if extensive manual editing is performed.
